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Abstract 
The Pressure Impulse test-rig uses the principal energetic advantages of displacement-
controlled systems versus valve-controlled systems. The use of digital-control 
technology enables a high dynamic in the pressure curve, according to the requirements 
of ISO6605. Accumulators, along with inertia, make energy recovery possible, as well 
as, enabling the compression energy to be re-used. As a result of this, there is a drastic 
reduction in operating costs. A simulation of the system before starting the project allows 
the development risks to be calculated and the physically achievable performance limits 
to be shown.  
KEYWORDS: pressure pulse generation, pressure amplifier, variable displacement, 
energy recovery, flywheel energy storage, ISO6605  
1. Mission  
Fittings for hydraulic systems must be subjected to extensive testing before introducing 
them onto the market. In order to ensure the fatigue strength of the fittings, the Pressure 
Impulse test rig can be used, which is modelled using DIN EN ISO 19879, along with the 
pressure profile of ISO 6605. The test specimens will undergo 1 x 106 load cycles and 
be subjected to a test pressure of 1,33, yield pressure, which, without interference, lasts 
12 days. Due to the large variety of fittings that exists, the test-rig would be in continuous 
operation. A reduction of power by one kW reduces the operating costs (based 2015) 
annually by approximately 2.500 EUR.  
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The task is to find a concept and implement this concept into the testing of the fittings 
while consuming the least amount of energy possible. The demands on the dynamics of 
the pressure profile are very high. The pressure curve, see Figure 1, must not exceed A 
and must approach into a tight tolerance zone at B. 
 
Figure 1: Test Zyklus nach ISO 6605 
2. Concept 
The energy required for compression to a desired pressure level is derived from the 
rigidity of the fluid medium and the elasticity of the pressure chamber. The increase of 
volume due to the expansion of the test specimen is proportional to the intake of 
compressed oil within a single digit percentage range. The proportion can be altered, if 
other variations of test specimen are used, as provided in the standard. 
Taking into account the pressure-dependent compressibility results, Figure 2 shows the 
pressure and the compression energy. The compression energy is determined using 
corresponding equation 1. 
 
(1)
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For example, if a test pressure of 100 MPa is required, and a per-liter test volume of 
approximately Ec = 2,5 kJ of compression energy applied, this correlates to a volume of 
Vc = 0,057 liters.  
 
Figure 2: Pressure and Compression Energy 
The compression energy in the test medium will be delivered by way of a pressure 
intensifier. The pressure intensifier consists of a high-pressure surface, a driving part 
(Working Cylinder) with two identical surfaces, each being twice as large as the high-
pressure surface (A), and a counter-pressure part with triple the surface area, see 
Figure 3. 
This incrementation of the surfaces allows the operation to work in such a way that when 
half of the test pressure is applied, the drive part must not exert a pressure difference 
when the back pressure is set to 1/6 the test pressure. In the end position the drive 
member requires a pressure difference, which is only one quarter of the test pressure.  
Comparing the control of such a pressure intensifier equipped with a 4/3-way valve (pilot 
valve), which is driven by a quick variable-displacement pump, the following picture 
emerges. 
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In the control valve concept, a constant supply pressure of 3/2 the maximum load 
pressure is required in order to reach the required dynamic behavior. The supply amount 
withdrawn equates to two strokes per cycle. 
 
Figure 3: Area and Pressure Concept 
In the example where test pressure p = 100 MPa and the compression volume, results 
Vc = 0,057 l in an energy Ev from  
 
(2)
per cycle. Now, imagine the theoretical efficiency as a ratio of the quantity of energy 
removed per cycle to the amount of compression energy, which produces a result of less 
than 30. Without the counter cylinder, twice the amount of energy is to be expended and 
the efficiency is less than 15%. Assuming a linear increasing of the pressure versus the 
stroke the efficiency is exactly 1/3 or 1/6. 
Respectively, when the controlled-displacement system is the only driving power, which 
is actually necessary, there are no control-related throttling losses. The use of a pump in 
a closed circuit offers the advantage that a symmetrical operation is possible /1/. The 
counter cylinder, with its energy saving abilities, takes over nearly 75% of the energy 
expenditure is transferred, see Figure 4. 
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With the same rotational direction and the same pivot angle of the transition from the 
pumps, the motor operates automatically as soon as the pressure difference on the 
working cylinder changes sign. 
In the differential pressure vs. flow-rate chart the axial piston unit works in 4-quadrant 
operation, while the speed-torque diagram works in 2-quadrant operation. 
 
Figure 4: Concept with Energy Recovery 
Losses in this set-up emerge from the valve controlled displacement system, the 
efficiency of the pump and the resulting, necessary, purging of the closed circuit, which 
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in the case of the test rig, accounts for approximately 250J per cycle on the actuating 
system, thus, approximately 10% of the compression energy. 
Therefore, the energy can be used from the compression volume later, however, it must 
be stored for a short time. For this purpose, the mass moment of inertia of the axial piston 
unit is increased by a flywheel. Due to the rotational energy increasing quadratically with 
the rotational speed, a rotational pump speed of approximately 3000U/min is suggested. 
The high base speed translates to only a small change in speed during intake or release 
of the compression energy. The mass moment of inertia, 2kgm², is selected in order to 
keep the change in speed at approximately 2%.  
The test medium will not be replaced, because the compression and decompression 
takes place virtually without loss. A flushing of the closed drive circuit is necessary in 
order to purge the power losses of the axial piston and the pressure intensifier. The purge 
will be completed depending on the temperature, via a control valve, which operates 
parallel to the adjustment unit. 
3. Validation 
It is necessary to examine whether the developed concept is feasible with the 
components currently available. To this end, some questions must be answered, which 
was carried out through the use of simulation tools. 
x Using this concept, are the required dynamics in the pressure profile of the 
ISO6605 achievable when standard market components are used? 
x What requirements must the control system of the axial piston meet? 
x What control strategy is required for this task and is this technology available? 
x What losses are to be expected and should the flushing system be implemented? 
x What are the physical limitations? 
Answers to these questions have delivered an extensive and thorough simulation of the 
hydraulic system, see Figure 5. The software MATLAB/Simulink® was used for the 
simulation. The components could be well parameterized, because the necessary details 
about their internal construction is provided by the manufacturers. A reference cycle was 
initially used for the simulation (100MPa, 1 Liter test volume, 1Hz), in order to determine 
the appropriate components. It could then be explained, if, with these components, other 
test pressures, frequencies and volumes can be realized. 
Arrangements using different volumetric displacements and pressure intensifiers with 
different stroke-area ratios have been investigated. The size of the adjustments were 
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determined in such a way that the pivoting angle in the reference cycle assumes a value 
of up to 50%. Smaller values result in poor efficiency and higher values offer too little 
reserve capacity with the use of larger test volumes. Use finds an A4VSG40 (swash plate 
with 40cm³) axial piston with servo-hydraulic adjustment, as described in secondary-
controlled drives, is used. The control system is highly dynamic (30ms 0-100%) and 
designed for continuous operation.  
 
Figure 5: Results of Simulation 
The design of the pressure intensifier is simple. The idea is to make the stroke as large 
as necessary and as small as possible. A very short stroke results due to the lack of 
lubrication and rapid seal wear. Also, an unnecessarily long stroke increases the piston 
speed, which is disadvantageous for the pressure intensifier and also creates 
unnecessary stress on the seals. By choosing a diameter of 40mm and 70mm and a 
stroke of 100mm a compromise was made, which resulted in a piston speed of less than 
1m/s.  
After the simulation of the hydraulic system, different control strategies were investigated 
and later modelled. It quickly became apparent that a subordinate swivel angle controller 
is required and that a direct connection of reference signals makes sense. The required 
control performance could be reached in the simulation. Another refinement was carried 
out on the test-rig itself as part of the start-up procedure. 
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To design of the purge system, it was important to estimate the hydraulic losses. For this 
purpose, power losses have been calculated in the model, resulting from the leakage 
and friction of the components. 
The sum of these losses must be compensated by the power of the drive motor and must 
be discharged by the purging system. It turned out that the results of the performance 
calculation are very sensitive to the parameterization. This is understandable because, 
in a system with no basic losses, a small change in leakage values can greatly affect the 
heat balance. For safety reasons, and considering that a large electric motor at partial 
load still has good efficiency, it is the driving power and thus, the cooling capacity, has 
been dimensioned generously. 
Once the concept was validated through the simulation and the availability of the 
necessary components was assured, the actual construction could begin. 
4. Design 
The starting point of the design was the flywheel, which stores energy. It was designed 
with a rotational inertia of 2 kgm² and rotates at 3000U/min. The flywheel is designed 
with a fit tolerance and is assembled by way of a flange on a shaft, see Figure 6. The 
shaft is mounted in a standard spindle ball bearing assembly, as would be found in the 
machine tool industry. The bearing is greatly oversized and in normal operation has a 
virtually unlimited service life. In case of accidental movement of the entire test rig (i.e. 
with a forklift) the bearings can hereby absorb the resulting rotational moments.  
The connection between the pump-shaft and flywheel is exposed to a permanent 
torsional stress. The internal teeth of the flywheel have been manufactured with tighter 
tolerances, as provided by DIN5980, and forms an essentially backlash-free connection. 
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 Figure 6: Pump with Flyweel and Motor 
The pressure intensifier relies on proven principles. The piston rod of the high-pressure 
part, the rod of the driving part and the drive piston are firmly joined together and work 
as a single unit. As a result, a high accuracy is achieved, which demonstrates that the 
radial forces in the bearing points is reduced, which is necessary for continuous 
operation.  
5. Control System 
The controlled variable of the system is the amount of pressure in the test volume, which 
is detected through two independent sensors. One sensor is used to regulate the system 
and the second sensor is used for measuring the system. The target pressure curve has 
been generated from the cycle in Figure 1 accordingly and in Figure 7 the optimization 
strategy is shown. Through the use of the tolerance field it is possible to shape the 
transition of the pressure curve in such a way that the theoretically required accelerations 
of the control system are limited. This skillful preparation contributes by preventing high-
frequency stimulation, which results in very quiet and smooth machine operation. 
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 Figure 7: Reference Variable Preparation 
The reference variable is transmitted to the controller with a delay, making it possible to 
give a dynamic reference variable intrusion on the controller directly over the pump 
positioning system. This leads to notably better tracking behavior in regard to fast 
changes.  
The output of the pressure regulator is scaled with the measured stiffness. The stiffness 
depends greatly on the test volume.  The stiffness is recalculated after each cycle using 
the average quotient of the derivations of the path and pressure with respect to time. 
This yields a stable process regardless of the pressure level and the working position of 
pressure intensifier. 
A leakage compensation is provided to avoid increasing of the integrator output during 
the holding phases of the cycle.  
112 10th International Fluid Power Conference | Dresden 2016
The scaled output of the pressure regulator, together with the leakage compensation and 
the reference variable implementation (dynamic intrusion), is used as a set-point for the 
position-control-system.  
Since the displacement system has integration properties /3/, the underlying system will 
now be controlled by using a simple P-controller. It makes the system behavior to a first 
order lag element /2/.  
In order to prevent striking of the adjusting piston in the end positions, the actuating 
signal is limited to the servo valve on either side when it nears the end position.  
The realized control structure, see Figure 8, in this test-rig can be robustly 
parameterized and show, during operation, a very good and stable behavior independent 
of the connected test volume. 
 
Figure 8: Controller Structure of the Test-Rig 
6. Results 
The realized test-rig concepts show that a considerable saving potential can be tapped 
by using a combination of hydraulic displacement systems and digital control technology. 
Wherever valve controls are in use, it is worth analyzing whether an alternative hydraulic 
control system is possible. With the ever increasing cost of energy, it is worth taking into 
consideration, a one-time investment in order to decrease operating costs in the future.  
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In conclusion, it can be said that the absence of a valve control system will not result in 
the impairment of the test-rig control, see Figure 9. The automatic adaptation of the 
adjustment control system to the current testing condition can significantly increased the 
operating experience. The complete test-rig is shown in Figure 10. 
 
Figure 9: Measurement at the Test-Rig 
 
Figure 10: Test-Rig Overview 
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